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An Adaptive Control Method for Acquiring Improved 4D 

Thoracic CT Scans 



Abstract 

Four-di„,e„si„„al computed tomography (4DCT) acquisition methods that 
exphctly account for resp.tato^ .notion have been recently developed in academic 
and co,nn,.rcial settings. 4DCT is generally acquired either by sinogram or image 
sor„ng based on a postacqui.ition procedure using extemal ,espi™i„„ signals The 
pafcnt s ability to n,ai„tai„ rep^ducible .spiratory signals is the limiting factor 
Ounng 4DCT. Methods ofbreathing coaching, e.g. audiovisual bi„fe«,baclt can 
.".prove respiration ,ep,.ducibili,y, however signiHcan, variations remain which 
cause a^ifacts in the 4DCT scan. To reduce these a^ifacts. and subsequent effects 
dunng radiotherapy planning and delivery, a method for improved 4DCT ima^e 
acqutsition has been developed that relies on adaptive control during data ° 
ac,u,s,t,on. The respi,:ation signal and CT data acquisition are linked, such that 
bad. data from erratic breathing cycles tha, cause artifacts are no, acquired by 
pausmg CT acquisition until steady state respiration is resumed. A proof^f. 
prtncpa, application of the adapttve control method to an existing tespitation signal 
acquired during 4DCT demonstrates the potential of this method to teduce artifacts 
currently found ,„ 4DCT scans. Though 4DCT methods accounting for tespiratorv 
u.o„on a,e being developed in radiation oncology departments, there is potentially' a 
stgnthcant widespread role or4DCT in diagnostic radiology for pulmonary function 
•ests. L,m,„„g ,he widespread application of 4DCT is the utility of current passive 
acquisition techniques to account for the variations in patient's respiratory signals 
Active 4IXT acquisition processes, such as the adapdve control method, will 
potentially allow the general use or4DCT. 
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1. Introduction 

Respiratory motion degrades anatomic position reproducibility during imaging 
necessitates larger margins during radiotherapy planning'^' and causes errors during 
radiation deliver)'^"*"'^. Clinically significant lung tumor motion cannot be predicted by 
any known clinical parameters suggesting that tumor motion must be explicitly 
determined for each patient. In fact, recent EORTC guidelines (Senan et al Rad One In 
press) state An assessment of 3D tumour mobility^ is essential for treatment planning and 
delivery in lung cancer. Methods to account for respiratory motion during CT imaging 
include breath-hold, respiratory gating, and four-dimensional (4D) CT, the subject of the 
current research. 4D thoracic CT images accounting for respiratory motion have 
successfully been acquired using single slice scanners however, the authors of these 
works acknowledge the temporal and spatial limitations of 4D acquisition with current 
single slice technology. Multislice 4D CT scans have been acquired using an axial/cine 
method at Washington University Memorial Sloan Kettering Cancer Center and 
Massachusetts General Hospital and using a helical method at the MD Anderson 
Cancer Center^ . 4D cone-beam CT scans have been acquired using a benchtop system 
by Taguchi*^ as well as clinically at the Netherlands Cancer lnstitute^'\ 

4D thoracic CT techniques build on those existing for cardiac imaging, in which the 
cardiac signal is input to the CT scanner during the sinogram evolution, from which 
image reconstruction at several cardiac phases can occur However, a factor limiting 
the success of 4D thoracic CT is the irregularity of respiratory cycles in both 
displacement and cycle-to-cycie period. Irregularity manifests itself as imaging artifacts, 
leading to anatomical mismatches (see e.g. Fig 10c and Fig. lOd of ■^^), or insufficient 
acquisition of projection data to reconstruct a full image (see e.g. Fig. 9 of ^^). To reduce 
this irregularity, audio and audio-visual breathing training methods have been applied to 
try to improve the quality of 4D thoracic CT data ^\ however, even with audio- 
visual breathing training respiration irregularities remain, as shown in Figure I. An 
approach complimentary to breathing training to improve respiration reproducibility is to 
recognize irregularities and modify the scan acquisition itself. The scan acquisition could 
be modified such that projection data from irregular breathing cycles be ignored or not 



acquired at all, and sufficient projection data from regular respiration cycles is acquired 
to obtain a 4D thoracic CT with minimum artifacts. 




Figure 1. Coronal CT scans of a 4D CT at three respiratory phases for a patient undergoing audio* 
visual breathing training. Note the artifact near the dome of the right diaphragm in the central 
image. 

The use or4D thoracic CT has been developed for and apphed to radiation oncology 
patients. However, high quality 4D CT data, along with accurate deformable image 
registration algorithms to automate analysis of this data, could play and important role in 
the analysis of lung function for a variety of pulmonary diseases. The changes in local 
density of the lung as a function of respiration could be automatically detected and the 
abnormal regions displayed, leading to faster diagnosis. 

Thus the aim of this research was to develop an adaptive control algorithm that takes as 
input the respiration signal and based on this input controls the CT scanner during the 
acquisition of a 4D thoracic CT scan to reduce the magnitude of artifacts introduced by 
irregular respiration. 

2. iMethod 

The adaptive control method described below requires a respiratory monitoring system to 
be tightly integrated into the CT scan control, and interactive control of both the CT 
acquisition and couch motion. The method comprises of several pre-scan steps, the CT 
data acquisition itself, and post-acquisition processing. 

Box I of Figure 2 requires breathing training. Though this step is not required, based on 
as yet unpublished data collected on lung cancer patients at VCU, the use of audio-visual 
breathing training strongly improves respiratory reproducibility. Box 2 of Figure 2 gives 
time for the patient to fall into a reasonably regular breathing pattern. Once breathing is 
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regular, Box 3 of Figure 2 learns the respiration pattern of an average breathing cycle. 
Spatial and temporal tolerances for which data acquisition \vill//will not occur are given 
in Box 4 of Figure 2. Due to the variation within breathing cycles, a pre-set lower limit 
can be calculated based on the respiration patterns of the data used to lean the average 
breathing cycle. In Box 2 of Figure 2 the reconstruction criteria are input. This could be 
a single scan acquired at a given point in the breathing cycle, e.g. end inhale, or multiple 
scans to be acquired at several points within the respiratory cycle. 
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Figure 2. The pre-scaii procedures. 



Once the pre-scan procedures arc compiete, the scan itself can occur. A flowchart of the 
adaptive control method for 4D CT is given in Figure 3. The tolerances set in box 4 of 
Figure 2 are used to determine whether to pause data acquisition, if the current respiratory 
trace is outside the spatial or temporal tolerance, or continue if the tolerances are met. 
The second decision box in Figure 3, determining if sufficient data has been acquired for 
reconstruction, is dependent on the input reconstruction criteria input in box 5 of Figure 
2. A tally is required to ensure that the entire geometry scanned has had sufficient data 
acquisition to ensure reconstruction without missing data can occur. 




Figure 3. The adaptive CT control during CT data acquisition. 



After acquisition, image reconstruction can automatically occur based on the 
requirements input in box 5 of Figure 2. 

4. Results 

A respiration signal taken during 4D CT with audio-visual biofeedback is shown in 
Figure 4. The respiration signal is very regular apart from a single erratic respiration 
cycle which, under continuous acquisition causes artifacts in the 4D CT image. Adaptive 
CT acquisition pauses the acquisition once the irregular respiration signal is detected, and 
restarts data acquisition once steady-state breathing is resumed. 
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Figure 4. (a) An example of very regular respiration signal (acquired during 4D CT with audio- 
visual biofeedback) apart from a single erratic respiration cycle which, under continuous acquisition 
causes artifacts in the 4D CT image, (b) An example of the adaptive CT acquisition pausing the 
acquisition once the irregular respiration signal is detected, and restarting data acquisition once 
steady-state breathing is resumed. 
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5. Discussion 

This article describes an adaptive control algorithm that takes as input the respiration 
signal and based on this input controls the CT scanner during the acquisition of a 4D 
thoracic CT scan to reduce the magnitude of artifacts introduced by irregular respiration. 
The implementation of such an algorithm would require a major engineering effort by a 
CT manufacturer and is beyond the capabilities our institution, and thus the algorithm 
will remain 'on paper' until such a major effort is performed. Time will tell if the 
adaptive control algorithm is (a) feasible and (b) useful for 4D thoracic CT. 

The method described above is flexible enough to allow both sequential axial and helical 
4D CT acquisition, however the axial approach is probably the easiest to implement. 

A logical extension of this technique is to only acquire data during the parts of the 
respiratory cycle when reconstructed cans are requested. For example, if a CT scan at 
end-inhale is requested, then data at other parts of the respiratory cycle need not be 
acquired. 

The use of 4D thoracic CT has been developed for and applied to radiation oncology 
patients. However, high quality 4D CT data, along with accurate deformable image 
registration algorithms to automate analysis of this data, could play and important role in 
the analysis of lung function for a variety of pulmonary diseases. The changes in local 
density of the lung as a function of respiration could be automatically detected and the 
abnormal regions displayed, leading to faster diagnosis. 

Improved 4D CT will also help improve PET/CT that suffers from motion artifacts. 

Though the efforts here have been directed towards respiratory motion, other motion such 
as skeletal and gastro-intestinal motion could also be used for adaptive control, provided 
the appropriate monitoring system can be integrated with the CT control system. 
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